High-mobility adaption and massive Multiple-input Multiple-output (MIMO) application are two primary evolving objectives for the next generation high speed train communication system. In this paper, we consider how to design a location-aware beam-forming for the massive MIMO system. We first analyze the tradeoff between beam directivity and beamwidth, based on which we present the sensitivity analysis of positioning accuracy. Then, we derive the maximum beam directivity and corresponding beamwidth under the restriction of diverse positioning accuracies to guarantee a high efficient transmission. Finally, we present a low-complexity beam-forming design with positioning robustness utilizing location information, which requires neither eigen-decomposing (ED) the uplink channel covariance matrix (CCM) nor ED the downlink CCM (DCCM). Numerical simulation indicates that a massive MIMO system with less than a certain positioning error can guarantee a required performance with satisfying transmission efficiency in the high-mobility scenario.
I. INTRODUCTION H
Igh mobility adaption is a crucial target for the next generation wireless communication system [1] , [2] , where in diverse high mobility scenarios such as high speed train (HST) scenario, the transmission demands is ever-growing according to the real-scenario estimation in [3] (the estimated demands could be as high as 65Mbps with bandwidth 10MHz for a train with 16 carriages and 1000 seats). In the literature, certain different designs aiming to improve the user quality of service (QoS) in high mobility scenario have been proposed [7] , [8] . However, low-complexity beam-forming design for high mobility scenarios are still under-developed.
Massive Multiple-input Multiple-output (MIMO) is deemed as a prominent technology in future 5G system to improve the spectrum efficiency [4] , [5] through exploiting the multiplexing and diversity gain, where the appropriately-designed beam-forming is utilized to diminish interference [6] . Previous works in [9] - [11] employing diverse beam-forming schemes in high mobility scenario demonstrated a significant performance improvement by utilizing the directional radiation. However, neither of them considered how to reduce the implementation complexity of beam-forming for massive MIMO system in HST scenario, especially when channel estimation is required. That is, the online computational complexity and challenges in the process of channel covariance matrix (CCM) acquisition and eigen-decomposing (ED) CCM when adopting the massive MIMO beam-forming.
In the high mobility scenario, the special scenario characters distinguish this scenario from conventional low mobility scenario. In this paper, we take the HST scenario as an example, which is as illustrated in Fig. 1 . As the train quickly traversing the coverage area of one base station (BS), the received signal-to-noise ratio (SNR) at the mobile relay (MR) will fluctuate dramatically due to the large variation of path loss, which makes the received SNR in the edge area of the BS coverage quite low, bringing challenges for conventional adaptive beam-forming [12] or orthogonal switched beam-forming [13] in channel detections. The estimated maximum Doppler shift with carrier frequency at 2.35 GHz will be 945 Hz when the train velocity is 486 km/h [3] , which implies that the channel coherence time is less than 1 ms. Consequently, it is hardly to track the channel in this scenario. Moreover, the complex channel environment due to traversing diverse terrains (typical scenarios like viaduct, mountain, etc.) makes it difficult to estimate the channel with low cost since the wireless channel appears fast time-varying and double-selective fading in spatial-temporal domains. On the other hand, even if the channel state information (CSI) is acquired, conventional beam-forming design methods for massive MIMO system in low mobility scenario can not be directly applied here since it will lead to undesirable performance. Therefore, beam-forming scheme for massive MIMO system in this scenario requires to be redesigned with less complicated method.
Although high mobility causes new challenges in the application of beam-forming scheme, if we take advantage of high mobility in a different perspective, the drawback can be transformed into valuable side information, namely, the location of the vehicle can be trackable and predictable because the moving trend will not change in a short time due to the safety guarantee for high speed vehicles. Actually for HST scenario, the train can only move along the pre-constructed rail, which means no spatial-random burst communication requests will occur and it will narrow down the coverage scope of the beam-forming scheme.
In this paper, we introduce a simple low-complexity beam-forming scheme for massive MIMO system in HST scenario by exploiting the vehicle location information. Because the conduction of this beam-forming scheme required neither ED uplink CCM (UCCM) or downlink CCM (DCCM) and therefore, the aforementioned challenges in channel detections and large online computational complexity can be alleviated, that is, the developed scheme can work well for scheme, we first analyze the tradeoff between beamwidth and directivity in high mobility scenario and find that it is independent of antenna spacing and total beam number. Then, we present the sensitivity analysis of positioning accuracy against beam directivity and formulate it as an optimization problem. Through transforming the optimization problem, an optimal searching-based algorithm is proposed to maximize the directivity, while guaranteeing an efficient transmission at the same time when the positioning error is constrained.
The contributions of this paper can be concluded as
• A tradeoff analysis between beam directivity and beamwidth for the beam-forming scheme is presented.
• A location-sensitivity analysis and an optimal beam-forming solution to maximize the directivity for a given error range or error distribution of the location information are provided.
• A location-aware low-complexity beam-forming scheme for a high-mobility massive MIMO system is given.
The rest of this paper is organized as follows. Section II introduces the system model and the transceiver structure. Section III presents the directivity-beamwidth tradeoff analysis and the optimization solution to maximize the directivity under diverse positioning error constrains.
Section IV presents the application process of designed low-complexity beam-forming scheme for HST scenario. Section V shows the numerical simulation results and the corresponding analyses. Finally, we conclude it in Section VI.
II. SYSTEM MODEL
Let us consider the beam-forming transceiver structure between one carriage and the BS, depicted in Fig. 2 , where we omit most parts of baseband transformations and only focus on the beam-forming part. The user transmission inside the train will be forwarded by the MR mounted on the top of the train to avoid large penetration loss and the MR is equipped with M-element uniform linear single-array antenna due to the 3dB gain over double-array structure [14] . To the link between BS and the MR, the Doppler effect in HST scenario will not be considered here since it can be accurately estimated and removed from the signal transmission part as shown in [8] . Let the antenna spacing and carrier wavelength be d and λ, respectively. For a multi-element uniform linear array, where d ≫ λ, the half-power beamwidth Θ h can be equivalently expressed as [15] 
where C = 2.782 represents a constant parameter in antenna design and N is the total generated beam number.
In HST scenario, the viaduct scenario occupies 80 percent of the entire route [3] , which makes the line-of-sight (LOS) signal dominant and the angular spread around the MR relatively tight.
In addition, the instantaneous location information θ b (shown in Fig. 1 ) of BS can be acquired by Global Positioning Systems, accelerometer and monitoring sensors along the railway or, can be estimated according to the entrance time as [11] . Thus, a location-aware beam-forming can be carried out by exploiting θ b to reduce the beam-forming complexity.
As shown in Fig. 1 , the total beamwidth, which is a constant for a deployed BS, can be expressed by
To enhance the coverage of the MR on the train, α > γ is essential, where γ is the coverage angle of BS.
III. DIRECTIVITY-BEAMWIDTH TRADEOFF AND EFFICIENT TRANSMISSION
In practice, positioning error may occur due to some reasons, which may degrade the performance of the location-aware low-complexity beam-forming scheme and trigger low transmission efficiency. In this section, we first analyze the tradeoff between beam directivity and beamwidth Finally, under the precondition of efficient transmission, we maximize the beam directivity with error-constrained location information.
The corresponding directivity of each beam in massive MIMO system, i.e. Nπd/λ is sufficiently large, can be expressed as
where T depends on the specific type of linear array (i.e. T = 2 for broadside array and T = 4
for ordinary end-fire array).
Thus, the relations between beam directivity and beamwidth can be expressed in the following lemma.
Lemma 1. The tradeoff between beam directivity and beamwidth is
Remark. The tradeoff between beam directivity and beamwidth is independent of the antenna spacing d and the beam number N. That is, the variation of d and N only affects the value of beam directivity and beamwidth, but has no influence on the ratio of the beam directivity and beamwidth.
Observing Eq. (1) - (3), one can find that
Remark. d and N are dual with respect to Θ h and D. That is, the variation of
As shown in Fig. 1 , let the BS's location and the vertical distance between BS and rail be θ b and h, respectively. Thus, the BS is supposed to be in the i-th beam, where
Then, as illustrated in Fig .3 , the distances between left(right) bounds (denoted as γ l (γ r )) of i-th beam and BS can be expressed by
and
respectively, where χ =
Therefore, the corresponding coverage length on the BS side of the i-th beam is given by
When there exists positioning error ∆x, the effective beam-forming rate may be decreased.
In fact, ∆x may be caused by GPS estimation errors, quantization errors, random scattering of electronic waves, etc. For simplicity, it is assumed that ∆x is Gaussian distributed in the sequel, i.e. ∆x ∼ N(0, σ 2 ). We shall utilize it in the following analysis and optimization.
With the widely used Q function in signal detection, i.e. Q(
)dt, the effective beam-forming probability P i can be expressed by The effective beam-forming probability threshold is denoted as P th . Thus, we try to improve the system gain of beamforming and formulate the following optimization problem max D
s.t. P i ≥ P th .
In (9), the object is to maximize the directivity (beam gain) and (10) represents the efficient transmission constraint condition. To solve the maximization problem above, we first analyze the monotonicity of P i . As shown in Fig. 3 , if increasing the beam number from N to N ′ = 2N, and keeping γ r unchanged, then γ l has been shorten to γ
That indicates the P i monotonous decreases with respect to N. Therefore, the solving of (9) can be turned into a searching problem as follows
Note that the directivity D increases in proportion to N.
In literature, there are many techniques to solve (11) . Considering the fact that number of available N is finite in a system, the searching process can be summarized as follows.
Algorithm 1
The searching method of N * set N * = 1 repeat 1. generate i, γ l and γ r with (4), (5) and (6).
It can be noted that, when the train location angle θ b = π 2 , the adjusting of N would not improve effective beam-forming probability significantly. In that case, γ l or γ r is limited by system structure instead of beam number N, which needs further considerations. That is, the optimal beam number N * searching method can be extended to scenarios with θ b ∈ (
, α). 
IV. APPLICATION OF LOCATION-AWARE LOW-COMPLEXITY BEAM-FORMING FOR MASSIVE MIMO SYSTEM

A. The Beam Generation Process
Directional beam can be generated through diverse phase excitations on each element according to [15] , [16] . Assuming the total generated beam number is N which depends on the BS deployments, and the beam weight of the i-th beam (i = 1, 2, ..., N) can be expressed as
where f i = The pre-calculated phase excitation for i-th beam is
and the whole mapper for each beam directed to diverse locations on the rail can be expressed
B. The Beam Selection Process
The beam selection process is based on the acquired location information. 3: repeat 4: 1. generate N with Algorithm 1.
5:
2. acquiring θ b .
6: It also indicates that the beam directivity increases with total beam number.
As shown in Fig. 6 , when P th = 0.7, 0.8 and 0.9, the variation of directivity versus train location θ b has been depicted. It can be observed that the directivity varies with respect to θ b , but there exists no monotonicity. When the BS is near to the edge of BS coverage, to guarantee the common beam-forming rate, the beam number tends to be relatively large. However, when the BS is near the center of one beam, the beam number tends to be relatively small. It reflects the adaptation of directivity-beamwidth tradeoff in our optimization to guarantee diverse thresholds.
In addition, Fig. 7 shows that when the directivity is fixed, the variation of , are shown in Fig. 8 . The directivity decreases linearly with σ but increases with P th because larger σ or P th means smaller beam number will be adopted so that the switching times among the beams will be decreased. That is, the switching drop probability will be reduced.
VI. CONCLUSIONS
In this paper, we first analyzed the beam-forming design principles for massive MIMO system based on location information and then presented a low-complexity beam-forming implementation scheme in high mobility scenario. Different from conventional beam-forming schemes, our design needs neither acquiring UCCM and DCCM nor ED them, which not only substantially reduces the system complexity and on-line computational complexity, but also possesses a favourable robustness to the CSI estimations. Therefore, the proposed beam-forming scheme .
